Metal oxide-semiconductor capacitors with TiO x deposited with different O 2 partial pressures ͑30%, 35%, and 40%͒ and annealed at 550, 750, and 1000°C were fabricated and characterized. Fourier transform infrared, x-ray near edge spectroscopy, and elipsometry measurements were performed to characterize the TiO x films. TiO x N y films were also obtained by adding nitrogen to the gaseous mixture and physical results were presented. Capacitance-voltage ͑1 MHz͒ and current-voltage measurements were utilized to obtain the effective dielectric constant, effective oxide thickness, leakage current density, and interface quality. The results show that the obtained TiO x films present a dielectric constant varying from 40 to 170 and a leakage current density ͑for V G = −1 V, for some structures as low as 1 nA/ cm 2 , acceptable for complementary metal oxide semiconductor circuits fabrication͒, indicating that this material is a viable, in terms of leakage current density, highk substitute for current ultrathin dielectric layers.
I. INTRODUCTION
The increasing complexity and efficiency of complementary metal oxide semiconductor ͑CMOS͒ circuits has been achieved throughout the last decades by scaling the geometric dimensions of the metal oxide-semiconductor field-effect-transistor. [1] [2] [3] [4] [5] This scaling had to be accompanied by a decrease in gate oxide thickness in order to maintain electrostatic control of the charges induced in the channel. 3, 4, [6] [7] [8] [9] [10] [11] In this way the silicon dioxide layer is presently reaching its limiting value, so nowadays much research is directed to the substitution of SiO 2 by high-k materials making the use of thicker films possible. [3] [4] [5] 7, 11 In spite of its relatively low dielectric constant ͑4-7͒, SiO x N y has also been utilized due to its compatibility with silicon metal oxidesemiconductor ͑MOS͒ technology. [11] [12] [13] However, according to the International Technology Roadmap for Semiconductors, to meet the scaling goals and at the same time keeping the gate leakage current within tolerable limits ͑10 A / cm 2 ͒ a dielectric constant higher than 25 will be needed. 14 There are numerous challenges associated with implementing such an advanced gate dielectric, including ensuring adequate channel carrier mobility with the new high-k dielectric, and reducing to tolerable levels the defects, charge trapping, and instabilities at the high-k / Si interface Among the materials considered to replace SiO 2 as gate dielectric, HfO 2 is one of the more promising, mainly because it is more stable, thermodynamically, on Si than other high-k materials and its dielectric constant is reasonably high ͑ϳ25͒. 15, 16 However, this film presents a high oxygen diffusion rate, which results in a low-k interfacial layer growth, a low crystallization temperature ͑500°C͒, which generates grain boundaries which act as oxygen diffusion, and leakage current paths, resulting in high leakage current. The other problem is that this material presents a poor interface quality with Si 17, 18 and in order to improve it an ultrathin SiO 2 film is grown between both materials, creating in this way a high-k / SiO 2 stack, resulting not only in a much better interface but also in the reduction of the effective dielectric constant. 19 Several works report nitrogen incorporation in HfO 2 ͑HfO x N y ͒. Physical and electrical results show that it leads to better interface properties, suppressing impurity penetration and improving reliability, since it is a thermodynamically stable material. 20, 21, 17 The dielectric constant, however is, reduced to values close to 13. In this way, the need of other metal oxides, with dielectric constant higher than 25 remains since [3] [4] [5] up to this moment, the international technology roadmap for semiconductors ͑ITRS͒ does not have an adequate material for MOS gate dielectric. Among these TiO 2 is promising due to its high dielectric constant, it also presents two important phases, anatase and rutile. The last one being the thermally stable phase also possessing higher dielectric constant, approximately 80, anatase is a thermally unstable phase with lower dielectric constant transforming in rutile phase at temperatures over 600°C. 22 Even though titanium dioxide has high dielectric constant values, its low band offset with silicon ͑ϳ1.2 eV͒ results in high leakage current density values when utilized as insulating layer in MOS devices. Another problem presented by TiO 2 films for MOS insulating layer applications, according to Bera and Maiti 23 and Wilk et al., 4 is the TiO 2 / Si interface due to the enormous number of traps generated, when TiO 2 is deposited directly onto the Si substrate, thus degrading the device performance. In this way when TiO 2 is selected as the high k dielectric, to make its utilization feasible, it is necessary to implement double dielectric layer structures. Some works have reported double dielectric layers utilizing a very thin thermally grown SiO 2 film at the interface between TiO 2 and Si, resulting in a͒ Author to whom correspondence should be addressed; Tel.: ϩ55-11-3091-5256; electronic mail: franklin@lme.usp.br an equivalent oxide thickness below 2 nm. 24, 25 These kind of structures require the use of a very high k dielectric material to guarantee a still high equivalent dielectric constant for the double layer. Also, for these stacks, the barrier height is higher than the expected for TiO 2 / Si, due to the presence of the SiO 2 layer thus reducing leakage currents in orders of magnitude.
In a previous work 26, 27 a set of MOS capacitors utilizing TiO 2 and SiO 2 / TiO 2 films as gate dielectric layer were fabricated and characterized. The obtained TiO 2 films presented a dielectric constant of approximately 40, a good interface quality with silicon and a leakage current density of 70 mA/ cm 2 for V G = 1 V, which was reduced in three orders of magnitude growing a thin SiO 2 film at the Si/ TiO 2 interface. The resulting effective dielectric constant, however, was around 27 thus more research is needed to overcome the leakage current problem without a significant decrease in the effective dielectric constant. In this way, the idea in this work is to produce TiO x dielectric layers utilizing different O 2 partial pressures, intending to increase the dielectric constant without significantly affecting the material chemical composition. The obtained films were annealed at 550, 750, and 1000°C in N 2 environment for 2 h and the structural and electrical properties were studied. These films were characterized by Rutherford backscattering spectroscopy ͑RBS͒, Fourier transform infrared ͑FTIR͒, and x-ray near edge spectroscopy ͑XANES͒ at the O-K edge. MOS capacitors were fabricated with these films as gate dielectric and characterized by C-V and I-V measurements to extract and analyze the equivalent oxide thickness, dielectric constant, interface quality, and leakage current density. Here a study of TiO x N y films is also initiated following the same idea developed for HfO 2 films, intending to produce films with better interface properties and high thermal stability. Some authors cite that the addition of nitrogen producing TiO x N y alloys leads to improved properties for some of the mentioned applications. 28 Thermal annealing of the Si substrate in ammonia ͑NH 3 ͒ environment before TiO 2 deposition and TiO 2 ozone ͑O 3 ͒ and N 2 O annealing are cited and it is reported that these treatments minimize the interface chemical reactions besides reducing the leakage current by several orders of magnitude.
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II. EXPERIMENT
A. Film deposition and characterization
TiO x films were deposited by reactive sputtering of a titanium target in a mixed argon and oxygen ͑30%, 35%, and 40%͒ atmosphere at room temperature. The films were annealed at 550, 750, and 1000°C in N 2 environment for 2 h. TiO x N y films were also deposited by the same technique, adding nitrogen to the gaseous mixture. In Table I the deposition conditions for all the films studied in this work are shown.
All the films were deposited onto p-type ͑100͒ single crystalline silicon substrates in the 1 -10 ⍀ cm resistivity range for FTIR, RBS, and ellipsometry measurements.
The refractive index and the thickness of the samples were obtained by ellipsometry measurements performed in a Gaertner equipment having a He-Ne laser ͑632.8 nm͒ as light source. FTIR performed in a FTS-40 BIORAD equipment was used to analyze the chemical bonding inside the material and to give information about its composition and structure.
The amount of Ti and O and N per unit area ͑atoms cm −2 ͒ was obtained by RBS experiments, using a He + beam with an energy E = 1.7 MeV and a detection angle = 170°. The XANES O-K edge spectra were recorded at a beam line using a 0.5 mm 2 spot in the 520-560 eV range and Ti-K edge spectra were recorded in the 4910-5200 range.
B. MOS capacitor fabrication and characterization
A set of MOS capacitors utilizing the TiO 2 films studied here as gate dielectric was fabricated on p-type ͑100͒-oriented silicon wafers with resistivity in the 1 -10 ⍀ cm range. The silicon wafers were chemically cleaned by the standard procedure 30 and subsequently etched in diluted HF solution to remove the native SiO 2 layer. In sequence the TiO x insulating layer was deposited by reactive sputtering. The metallic contacts for all of the studied capacitors were obtained by depositing, by the e-beam technique, 300 nm of Al. The 9 ϫ 10 −4 cm 2 capacitor contact area was defined by photolithography and subsequent chemical etch, the contacts were annealed in forming gas atmosphere ͑4% of H 2 and 96% of N 2 ͒ at 450°C for 30 min.
The high ͑1 MHz͒ frequency C-V curves were measured with a Keithley, model 82-DOS simultaneous C-V, equipment and the I-V curves were measured in a HP 5156A. From these curves, the equivalent dielectric constant, the equivalent oxide thickness ͑EOT͒, and the leakage current density were calculated.
III. RESULTS
A. Film physical characterization
In Table II the thickness, deposition rate, refractive index, and chemical composition for all the as deposited and annealed films are presented. The thickness of the as deposited and annealed films was measured by ellipsometry. It is observed that for 550°C annealing temperature, the thickness value remains practically the same while for 750°C it is 31 After annealing an increase in the refractive index values is observed, the values still remaining between those of the anatase and rutile phases. This result can be related to an increase in the film density.
The chemical composition of the films deposited with 35% and 40% of O 2 is approximately the same, corresponding to stoichiometric TiO 2 material. In the case of the film obtained with 30% it is possible to notice a slight Ti excess. After annealing, however, all the films present, considering the RBS error, the same composition. In Fig. 1 the FTIR spectra for the TiO x films deposited with ͑a͒ 40%, ͑b͒ 35%, and ͑c͒ 30% O 2 partial pressure, as deposited and annealed, are shown respectively. For the as deposited films an absorption band around 610 cm −1 , corresponding to rutile phase, is observed. After annealing ͑550°C͒ the films grown with 35% and 40% present an intense band at 440 cm −1 , close to the anatase band, at 438 cm −1 ͑32͒, the film obtained with 30% on the other hand, presents, besides the absorption bands corresponding to anatase and rutile phases, an absorption band around 480 cm −1 , which according to some works in the literature, is correlated with Ti-O bonding in Ti 2 O 3 material. 32 All the annealed films present bands in the spectral regions corresponding to Si-O bending and stretching vibrations ͑845 and 1080 cm −1 ͒, evidencing silicon dioxide formation during the thermal processing.
These results indicate that, even though all the as deposited films present the same FTIR spectra, upon annealing they crystallize in different phases. Those grown with 35% and 40% oxygen partial pressure crystallize in anatase phase as indicated by the intense band at 440 cm −1 . The film obtained with 30% on the other hand also presents a band at 480 cm −1 indicating that it crystallizes in three different phases, anatase, rutile, and Ti 2 O 3 . For the annealed films at 550, 750, and 1000°C, silicon dioxide formation is evidenced by the presence of Si-O bending and stretching bands ͑845 and 1080 cm −1 ͒ in the spectra. The ellipsometry measurements showed a refractive index varying from 2.4 to 2.6, close to the anatase phase value ͑2.56͒. Unfortunately it was not possible to obtain precise values for the thickness and the refractive index of the film grown with 30% of O 2 after annealing, because the film thickness, according to its refractive index, was not in the required range to satisfy the ellipsometer condition for confident measurement.
In Fig. 2 the O-K, XANES spectra for the TiO x films deposited with ͑a͒ 40%, ͑b͒ 35%, and ͑c͒ 30% O 2 , as deposited and annealed are shown. For comparison the spectra for rutile and anatase TiO 2 standards are also depicted and as a Ti 2 O 3 standard was not available in Fig. 2 a spectrum from the literature is shown. 33 It can be observed that this spectrum is very similar to the rutile TiO 2 standard. It is observed that all the as deposited films present the same spectra. After annealing samples grown with 35% and 40% of O 2 exhibit spectra similar to the anatase standard. On the other hand sample deposited with 30% of O 2 presents a spectrum with features similar to the rutile phase of TiO 2 and to Ti 2 O 3 .
In Fig. 3 the x-ray diffraction ͑XRD͒ results for the TiO x films deposited with ͑a͒ 40%, ͑b͒ 35%, and ͑c͒ 30% O 2 and thermally annealed are shown. For the as deposited samples the XRD spectra was only measured for the film deposited with 40% O 2 . It is observed that it does not present any diffraction signal, indicating that the as deposited films are amorphous. In the annealed treated films a diffraction signal is observed, indicating film crystallization. Samples deposited with 40% and 35% of oxygen in the gaseous mixture are crystallizing in anatase phase while the sample deposited with 30% of O 2 in the gaseous mixture presents signals referring to the anatase, rutile, and Ti 2 O 3 phases. It is important to notice from the presented results that annealing at 550°C is sufficient to produce the material crystallization with a defined phase and that a small change in the oxygen partial pressure is sufficient to produce crystallization in different phases. The RBS and ellipsometry results obtained for the TiO x N y films are shown in Table II . It is observed that nitrogen incorporation only occurred for the sample deposited with just nitrogen and argon in the gaseous mixture. Even without oxygen in the gaseous mixture the oxygen concentration in this film is high, approximately 20%. The refractive index values obtained are practically the same for all, indicating that there are no significant changes in the film nitrogen concentration. Since Ti and oxygen are very reactive, to obtain significant nitrogen incorporation the nitrogen partial pressure should be increased, the argon partial pressure decreased, and the oxygen one should be very low. Figure 4 shows the high frequency ͑1 MHz͒ C-V curves for the MOS capacitors utilizing as gate dielectric the TiO x films ͑as grown and annealed͒ deposited with ͑a͒ 40%, ͑b͒ 35%, and ͑c͒ 30% of O 2 .
B. MOS capacitor results
It can be appreciated that the curves for the MOS capacitors with TiO x dielectric present high values of capacitance when compared with a MOS capacitors with SiO 2 with the same thickness, indicating the higher dielectric constant value than SiO 2 . It is possible to observe that the curves for the devices as deposited and annealed at 550°C do not present saturation of C ox ͑oxide capacitance͒. C-V curves just present a threshold voltage ͑V th ͒ shift towards higher values of gate voltage ͑V G ͒, indicating the presence of a high effective charge density, which decreases after thermal annealing. It is also observed that, for all cases after annealing at 550°C, the oxide capacitance increases. However, thermal annealing at 750 and 1000°C is followed by a significant decrease of C ox and the transition from C ox to C min ͑mini-mum capacitance͒ becomes very abrupt.
Samples obtained with 30% and 35% present a higher C-V shift to higher V G values than those deposited with 40%, indicating that these films present significant effective charge density. This high effective charge density can be correlated with the presence of Ti-Ti bonds or/and oxygen vacancies. After annealing these devices, V G shifts to values close to zero. This result can be attributed to a structural rearrangement minimizing the Ti-Ti bonds and O vacancies. The very abrupt transition from C ox to C min indicates an improved interface quality, which can be associated with structural rearrangement or also to silicon dioxide formation at the interface between titanium dioxide and silicon. The last hypothesis, however, is also compatible with the reduction of C ox observed after annealing at 750 and 1000°C.
Utilizing the oxide capacitance, determined from the C-V curves and from the film thickness measured by elipsometry, the dielectric constant values were calculated. The thickness of the annealed film grown with 30% O 2 was considered the same as that of the as deposited film. In Fig. 5 the films studied. Initially the dielectric constant increases for annealing at 550°C and when treated at 750 and 1000°C it decreases. When treated at 550°C, films probably crystallize, consequently the dielectric constant increases. But as discussed for FTIR and C-V results, when the films are treated at 750 and 1000°C probably a thin SiO 2 grows at the TiO x / Si interface creating a stack with TiO 2 and thus reducing the effective dielectric constant.
In Fig. 6 , the leakage current density curves as function of the gate voltage for these devices are presented. It can be appreciated that the leakage current values decrease for increasing annealing temperature, which can be related with a thin silicon dioxide layer generated at the interface between the TiO x film and the Si substrate. Table III shows the results for the effective dielectric constant, equivalent oxide EOT, and the leakage current density, extracted from the J-V curves ͑Fig. 5͒, and for V G =−1 V, extracted from the C-V and I-V measurements. The EOT values were obtained utilizing the oxide capacitance ͑C ox ͒ obtained from the C-V curves and considering SiO2 = 3.9. The leakage current density was obtained utilizing the leakage current values obtained from the I-V measurements and considering a MOS capacitors area of 9 ϫ 10 −4 cm 2 . For comparison the values for high quality SiO 2 thermally grown taken from a review report 4 are also shown.
TiO x films obtained with 40% of O 2 analyzed presented a dielectric constant value of approximately 40, an order of magnitude higher than that obtained for SiO 2 ͑3.9͒. A device with EOT of 5 nm was fabricated with this material and it presented a leakage current density of 34 mA/ cm 2 , acceptable for high performance logic circuits ͑maximum of 100 A / cm 2 ͒ and low power circuits ͑maximum of 10 A / cm 2 ͒ fabrication, but not sufficiently low for powerlimited applications ͑1 mA/ cm 2 ͒ ͑3,14͒. This leakage density current value, when compared with the value FIG. 3 . XRD spectra for for the TiO x films deposited with ͑a͒ 40%, ͑b͒ 35%, and ͑c͒ 30% of O 2 as deposited and annealed.
͑Ͻ10 nA/ cm 2 ͒ for high quality thermally grown SiO 2 film with the same 5 nm thickness, is still high. Films deposited with 30% and 35% present very high dielectric constant values, higher than 100, but also accompanied by high leakage current density values. This leakage current values reduce drastically to values lower than microamperes per centimeter square, after annealing at temperatures higher than 750°C. Even values in the order of nanoamperes were found in the case of the film deposited with 30% of O 2 . This result is attributed to the growth of a thin SiO 2 dioxide layer at the interface. This is a very interesting result since the effective dielectric constant remained higher than 25, a value which according ITRS will be needed.
The results show that the deposited TiO x films present very high dielectric constant ͑k values up to 170 were obtained͒ a value higher than the maximum value reported in literature ͑ϳ100͒. This very high dielectric constant was ob- tained for the film deposited with 30% of O 2 in the gaseous mixture that according to the RBS measurements presents an excess of titanium. Thus the Ti-Ti bonding present in this film is probably responsible for the increase in dielectric constant to values higher than that obtained for a rutile TiO 2 film. The results also show that small variations in the oxygen concentration in the gaseous mixture are sufficient to induce crystallization after annealing in different phases and, consequently leading to different values of the dielectric constant. The obtained TiO x films present acceptable leakage current density values for some applications and, to assess its viability as dielectric layer-in MOS devices it is still necessary to study the Si/ TiO x interface quality, the channel mobility, and to update its thermal stability. The results presented in this work show that the TiO x materials present very high k and thus if utilized in a double dielectric layer with an appropriated material, for example, SiO 2 films, as to produce good interface properties, the effective dielectric constant will still remain higher than currently utilized dielectric materials. In this way, solving the problems with thermal stability TiO x films are good candidates to be used in a double dielectric layer to substitute the current dielectric films.
IV. CONCLUSIONS
TiO x films deposited with different O 2 partial pressures ͑30%, 35%, and 40%͒ and annealed at 550, 750, and 1000°C and MOS capacitors, utilizing these films as gate dielectric, were produced and characterized.
The FTIR, XRD, and O-K XANES measurements showed that films deposited with 35% and 40% crystallize in anatase phase while those obtained with 30% apparently crystallize in Ti 2 O 3 + anatase phase, indicating that small variations in oxygen partial pressure suffice to produce films with different phases after being annealed.
The C-V and I-V results show that the produced TiO x films present dielectric constant varying from 40 to 170, with a good interface quality with silicon after annealing and with a leakage current density, for V G = −1 V, varying from 1 ϫ 10 −9 A / cm 2 . These values are acceptable for high perfor- mance logic circuits ͑maximum of 100 A / cm 2 ͒ and low power circuits ͑maximum of 10 A / cm 2 ͒ fabrication. With annealing treatment a SiO 2 thin film is grown between the TiO x film and Si substrate producing a double dielectric layer TiO x / SiO 2 . The presence of this SiO 2 layer reduces the leakage current density but decreases the equivalent dielectric constant too. In Fig. 7 the leakage current density as function of EOT for the as deposited and annealed TiO x films is presented. A curve was extrapolated and for an EOT of approximately 5 Å a leakage current density lower than 100 A / cm 2 is estimated. This is a very interesting result showing that TiO x films are viable in terms of dielectric constant and leakage current density to substitute the current ultrathin dielectric layers. To completely assess the viability of these films as gate dielectric in MOS technology it is necessary to study the interface quality, channel mobility, and update the thermal stability.
Concerning the TiO x N y films, the next step is to deposit films utilizing higher nitrogen concentration and lower argon concentration in the gaseous mixture, aiming to produce TiO x N y with variable nitrogen concentration intending to produce a material with improved thermal stability. 
